Irrigated agriculture faces intense competition for water in Mediterranean environments. In 7 this paper, alternate furrow irrigation was explored for a potato crop in the conditions of the 8
DU lq
Distribution uniformity of the low quarter, dimensionless; 36
Ea
Application efficiency, dimensionless; 37
Introduction 58
In the last decades, water resource managers have faced difficulties to satisfy the multiple,
Experimental site 135
Field trials were carried out at the INRGREF Experimental Station located in Cherfech, low 136
Medjerda valley, 20 km north of Tunis (37º N, 10,5° E, elevation of 328 m). The Experimental 137
Station is located in a semi-arid environment. The local meteorological records extend from 138 1980 to 2008 ( Table 1 ). The average precipitation is 443 mm yr -1 . The seasonal distribution of 139 rainfall presents the typical Mediterranean pattern, with minima in summer, the period of 140 maximum crop water requirements. The average reference evapotranspiration (ET 0 ), 141 estimated by the Penman-Monteith method (Allen et al., 1998) is 1,112 mm yr -1 . 142
The soil texture at the experimental station can be classified as clay silt, according to the 143
International Soil Science Society classification (28% clay, 49% silt, 23% sand). Soil depth 144 exceeds 1.20 m. The soil water depth at field capacity and wilting point were 420 mm m -1 and 145 260 mm m -1 , respectively, as determined using pressure plates. The total available water 146 (TAW) (Walker and Skogerboe, 1987) was determined as 160 mm m -1 . 147
The irrigation system, connected to the Medjerda canal, consists on a tertiary ditch and a 148 plastic gated pipe. The soil longitudinal slope of the experimental field was 0.2 %, and there 149 was no cross-sectional slope. The experimental farm is equipped with irrigation canals, 150 low-pressure pipelines, volumetric flow meters and gated pipes for furrow irrigation.
were identical, with a bottom width of 0.10 m and a side slope of 1.6 (horizontal to vertical). An initial irrigation was performed with portable sprinkler equipment operating at high 195 uniformity. This irrigation was applied at 1 DAP, and amounted to 25 mm in each treatment. 196
All three treatments were irrigated at the same time. The first furrow irrigation was applied 197 at 37 DAP, while the seventh and last furrow irrigation was applied at 106 DAP (Table 2) . 198
Irrigation evaluation and simulation 199
Evaluations were performed for the seven furrow irrigation events (Table 2) Soil water was gravimetrically determined before and after irrigation events 1, 2 and 3. Two 208 furrows were sampled per irrigation treatment. These were the same furrows used for the 209 determination of irrigation advance. Five soil water profiles (distributed along the furrow 210 crest at distances from the inlet of 5, 25, 50, 75 and 95 m) were measured at 0.10 m depth 211 intervals to a total depth of 1.00 m. Successive auger holes were offset by about 0.3 m along 212 the furrow to avoid interference from the previous samplings. Soil water at field capacity 213 could be estimated as the maximum soil water after irrigation at the CFI treatment 214 (417 mm m -1 ). This estimate is coincident with the measurement obtained using pressure 215
plates (420 mm m -1 ). Soil water measurements were also used to determine the target 216 irrigation depth (Zr, mm) as the difference between field capacity and the average soil water 217 content prior to each irrigation event. Soil water storage following irrigation events 1 to 3 218 was determined as the difference in soil water after and before irrigation. 219
Three performance parameters were used in this study to characterise individual irrigation 220 events: 221  Application Efficiency (Ea, %), determined as the ratio of the average depth of 222 irrigation water contributing to Zr to the average depth of irrigation water, 223 multiplied, times 100 (Burt et al., 1997).
by irrigation (ratio of average infiltration minus average deep percolation to target 228 irrigation depth, times 100). 229
In the present experiment, determination of Ea, DU lq and Es required analysis of irrigation 230 advance, discharge, irrigation time, and soil water. Determinations were therefore restricted 231 to irrigation events 1-3. 232
Direct furrow infiltration measurement meets significant challenges in the Medjerda valley, 233 due to soil cracking and to the resulting lateral infiltration. As a consequence, obtaining the 234 parameters of an empirical infiltration equation from the advance curve is a prominent 235
alternative. The WinSRFR model, version 3.1 (USDA, 2009) was used for this purpose. dimensional process which can be simulated as a one-dimensional process using equations 248 the infiltration width in order to determine Z (mm). 251
The first experimental approach to infiltration estimation consisted on the use of three 252 double-ring infiltrometers in the study plot. Measurements were taken for about 700 min. 253
The infiltrometers were only used to assess the importance of the basic infiltration rate in the 254 local conditions. Statistical regressions were developed for all rings following Eq. water storage (RMSEs) was determined for each treatment and irrigation event. The average 275 value for each infiltration estimation procedure was used to establish the method that was 276 better adapted to the experimental conditions. The observed and simulated recession time 277 was also used for this purpose. Finally, the abovementioned irrigation performance 278 parameters were obtained from simulation results. 279
Crop water-yield simulation 280
The ISAREG model (Teixeira and Pereira, 1992) was used to perform a water balance for the 281 three treatments and to model yield response to water stress. ISAREG is a soil-crop-water 282 simulation model. The soil is managed as a single reservoir, refilled by irrigation and number of irrigations by one, the last irrigation was eliminated and the second to last was 298 applied on the day of the last irrigation (106 DAP). The interval between the remaining 299 irrigations was rescaled proportionally. Simulations were performed with 6 and 5 irrigation 300 events, in an attempt to characterise the effect of restrictive alternate/conventional furrow 301 irrigation schedules on crop evapotranspiration, yield and water productivity. 302
The different irrigation treatments and deficit irrigation scenarios were analysed using 303 hydrological, crop yield, irrigation efficiency and water productivity parameters. We assumed that all precipitation water recorded during the irrigation season was beneficial, 307
and that soil water storage was the same at the beginning and end of the irrigation season. 308
Consequently, irrigation performance was estimated as the percentage of simulated crop ET 309 minus precipitation to gross irrigation water. Following Playán and Mateos (1996) , two water 310 productivity indexes (WP 2 and WP 4 , kg m -3 ) were computed. WP 2 designates the ratio of 311 yield to irrigation water diversion (gross irrigation depth), whereas WP 4 refers to the ratio of 312 yield to irrigation water beneficially used (actual crop evapotranspiration, in this case). 313 
Irrigation evaluations 322
Seven surface irrigations were applied to the crop between DAP 37 and 106 (March 22 and 323 May 30) ( Table 2 ). The first surface irrigation event resulted in large irrigation depths, even 324 though a higher discharge was used than in the rest of irrigations. The average difference 325 between the first irrigation and the rest amounted to 10, 11 and 23 mm for treatments AFI, 326 FFI and CFI, respectively. The application depths for irrigations 2 -7 showed small 327 variations, with coefficients of variation of 5, 11 and 8 % for treatments AFI, FFI and CFI, 328 respectively. Seasonal surface irrigation amounted to 458, 419 and 634 mm for the AFI, FFI 329 and CFI treatments, respectively. AFI resulted in slightly more water application than FFI 330 (9 %), while CFI applied 45 % more water than the average of the two alternate furrow 331
treatments. 332
The evolution along the furrow of soil water storage during irrigations 1 to 3 for each 333 irrigation treatment is presented in Figure 2 . The figure also presents the average storage 334 pattern for each treatment, which usually shows maximum values at the upstream part ofthe furrows. This is the expected trend for blocked-end furrow irrigation when irrigation is 336 cut off before completion of advance. 337 Figure 3 presents the advance curves corresponding to irrigations 1 to 3 in the three 338 treatments. Advance curves were used to fit two sets of infiltration parameters (Table 3) . 339
Comparison with observed soil water storage values resulted in average RMSEs of 25 and 26 340 mm for sets of parameters k-a and k-c, respectively. An important factor contributing to 341
RMSEs is that observed recharge was on the average 18 mm lower than simulated storage. 342
Evapotranspiration and drainage water losses between the experimental storage 343 measurements before and after the irrigation event can explain these differences. The 344 average simulated duration of the recession phase (all treatments, all irrigation events) were 345 20 and 14 min for the k-a and k-c infiltration parameter sets, respectively. The simulated 346 duration of the recession phase was in both cases lower than observed (40 min). Observed 347 recession may have been overestimated due to the low quality of levelling, which resulted in 348 undulations accumulating recession water. This analysis permitted the conclusion that both 349 sets of infiltration parameters adequately reproduced the experimental irrigations, with the 350 k-a set, corresponding to the Kostiakov infiltration equation, producing slightly better 351
results. 352
The WinSRFR simulations (Fig 3) using optimum k-a infiltration parameters in each case 353 usually resulted in very good agreement along the advance curve. CFI irrigations 1 and 2 354 presented the poorest agreement between observed and simulated advance. In these 355 irrigation events, increasing infiltration would lead to incomplete advance. In each irrigation 356 event, the minimum time of advance was observed for treatment CFI. Differences between 357 the times of advance of treatments AFI and FFI were in general not important. The target irrigation depth (Z r , determined from soil water) ranged between 60 and 84 mm 366 between treatments and irrigation events. No trend could be observed in these values, which 367 are subjected to strong spatial variability (Table 4) . Irrigation performance parameters are 368 presented in Table 4 for the two sets of infiltration parameters. Agreement between 369 performance parameters was in general very good, with the exception of three estimates of 370 DU, which differed by more than 0.05. 371
The following discussion on performance indexes is restricted to the k-a infiltration model. 372
Application efficiency ranged between 70 % and 100%, indicating that in general deep 373 percolation losses were moderate. The highest average Ea corresponded to FFI, with 100 %, 374 followed by AFI with 88 %, and finally CFI with 72 %. Regarding DU lq , AFI obtained the 375 highest average score (0.84), followed by CFI (0.77), and finally by FFI (0.75). The AFI and 376 CFI obtained an average Es of 98 %, while FFI only obtained 81 %. The high Ea of the FFI 377 treatment is due to partial replenishment of soil water deficit. In the three analysed irrigation 378 events, treatments AFI and CFI adequately replaced soil water depletion, with AFI being 379 more efficient than CFI. 380
Crop yield and water productivity 381
Crop yield showed similar patterns among treatments, with only limited variations along the 382 furrows (Fig. 2) . The average yield in each plot was 38.1 t ha -1 for AFI, 35.6 t ha -1 for FFI and 383 42.4 t ha -1 for CFI. As previously discussed, these results do not permit firm, statisticallysound differences between treatments to be established. Nevertheless, they are useful to 385 determine an average experimental yield of 38.7 t ha -1 . 386
Differences in yield between treatments were established using a crop water-yield 387 simulation approach. Table 5 summarises the simulation results for the experimental case, 388 characterised by seven surface irrigation events. ISAREG did not detect differences between 389 the treatments in actual evapotranspiration (411 mm) or crop yield reduction (0 %). IE was 390 much higher for the alternate furrow irrigation treatments (60 % for AFI and 66% for FFI) 391 than for the CFI treatment (44%). While WP 2 was affected by the differences in gross 392 irrigation water (ranging between 5.9 and 8.8 kg m -3 ), WP 4 reached a constant value of 393 9.4 kg m -3 . The highest IE and WP 2 were obtained for the FFI treatment. 394
Simulations were extended to the two abovementioned scenarios corresponding to six and 395 five irrigation events. ISAREG did not detect differences between treatments in any of these 396 given that FFI is much simpler to implement than AFI. Since the change in irrigated furrow 421 does not seem to be required, the implementation of alternate furrow irrigation seems to be 422 feasible even when water distribution is based on earth ditches. 
